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Abstract 

Quantum nonlocality may be an artifact of the assumption that observers obey the laws of classical mechanics, 
while observed systems obey quantum mechanics. I show that, at least in the case of Bell's Theorem, locality 
is restored if observed and observer are both assumed to obey quantum mechanics, as in the Many- Worlds 
Interpretation. Using the MWI, I shall show that the apparently "non-local" expectation value for the 
product of the spins of two widely separated particles — the "quantum" part of Bell's Theorem — is really 
due to a series of three purely local measurements. Thus, experiments confirming "nonlocality" are actually 
confirming the MWI. 

PACS numbers: 03.67.Hk, 42.50.-p, 03.65.Bz, 89.70,+c 



1 e-mail address: tipler@mailhost.tcs.tulane.edu 



1 



Nonlocality is the standard example of a quantum mechanical property not present in classical mechan- 
ics. Many papers are published each year (in 1997, four in PRL alone [1]; in 1998, six in PRL alone [2]; in 
1999, eight in PRL alone [3]; and three in Nature [4]) on the subject of "nonlocality," many (e.g., the papers 
just cited) showing truly awesome ingenuity. The phenomenon of nonlocality was first discussed in the EPR 
Experiment [5]. We have two spin 1/2 particles, and the two-particle system is in the rotationally invariant 
singlet state with zero total spin angular momentum. Thus, if we decide to measure the particle spins in the 
up-down direction, we would write the wave function of such a state as 

|g >= I t>l I l>2 -| I>1 I T>2 (1) 

where the direction of the arrow denotes the direction of spin, and the subscript denotes the particle. If 
we decide to measure the particle spins in the left-right direction, the wave function would be written in a 
left-right basis as 

|* >= l ^ >l| ^ >2 -'^ >l| ^ >2 (2) 
v2 

Nonlocality arises if and only if we assume that the measurement of the spin of a particle " collapses the 
wave function" from the linear superposition to either | j>i | J.> 2 or \ J.>i | T> 2 in (1). //such a collapse 
occurs, then measuring the spin of particle one would fix the spin of particle two. The spin of particle two 
would be fixed instantaneously, even if the particles had been allowed to separate to large distances. If at the 
location of particle one, we make a last minute decision to measure the spin of particle one in the left-right 
direction rather than the up-down direction, then instantaneously the spin of particle two would be fixed in 
the opposite direction as particle one — if we assume that (2) collapses at the instant we measure the spin 
of particle one. The mystery of quantum nonlocality lies in trying to understand how particle two changes 
— instantaneously — in response to what has happened in the location of particle one. 

There is no mystery. There is no quantum nonlocality. Particle two doesn't know what has happened 
to particle one when its spin is measured. State transitions arc nice and local in quantum mechanics. 
These statements are true because quantum mechanics tells us that the wave function does not collapse 
when the state of a system is measured. In particular, nonlocality disappears when the Many- Worlds 
Interpretation (MWI) [6,7,8,16] is adopted. The MWI dispels the mysteries of quantum mechanics. D.N. 
Page has previously shown [9] how the EPR reality criterion is completely fulfilled by the MWI. I shall extend 
his analysis, and show how the "quantum" part of Bell's Theorem [10], namely the expectation valve for the 
product of the spins of the two widely separated electrons, a quantity generally believed to be essentially 
non-local, actually arises from a series of local measurements. 

To see how nonlocality disappears, let us analyze the measure of the spins of the two particles from 
the Many-Worlds perspective. Let Mj(...) denote the initial state of the device which measures the spin 
of the ith particle. The ellipsis will denote a measurement not yet having been performed. We can for 
simplicity assume that the apparatus is 100% efficient and that the measurement doesn't change the spin 
being measured (putting in a more realistic efficiency and taking into account the fact that measurement 
may affect the spin slightly would complicate the notation but the conclusions would be unchanged). That 
is, if each particle happens to be in an eigenstate of spin, a measurement of the ith particle changes the 
measuring device — but not the spin of the particle — as follows: 

WiMi(...)| T>i= Mi(T)| T>i, WiMi(...)| l>i= Mi (1)| |>i (3) 

U 2 M 2 {...)\ T> 2 = M 2 (T)| T> 2 , W 2 M 2 (...)| l>2= M 2 (|)| |> 2 (4) 

where Ui are linear operators which generates the change of state in the measurement apparatus, correspond- 
ing to the measurement. 

In particular, if particle 1 is in an eigenstate of spin up, and particle 2 is in an eigenstate of spin down, 
then the effect of the UiS together is 
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U 2 U 1 M 1 (...)M 2 {...)\ T>i | |> 2 = M 1 (T)M 2 (|)| T>i | |> 2 



(5) 



even if particles 1 and 2 are light years apart when their spin orientations are measured. Similarly, the result 
of measuring the ith particle in the eigenstate of spin left would be UiMi{...)\ ^>i= Mj(<— )| <— >», and for 
an eigenstate of spin right UiMi(...)\ — >>,= Mj(— >)| — »>j, which will generate equations for spins left and 
right analogous to eqs. (3) — (5). 

Now consider the effect of a measurement on the two particle system in the Bohm state, that is, with 
total spin zero. This state is (1) or (2) with respect to an up/down or left/right basis respectively. The 
result is completely determined by linearity and the assumed correct measurements on single electrons in 
eigenstates. For example, the effect of measurements in which both observers happen to choose to measure 
with respect to the up/down basis is 



U 2 UiM 2 {...)M 1 {...) 



T>i 1 1>2 -| |>1 I T>2 

V2 



U 2 M 2 {...) 



Mi(T)| T>i I l>2 M^DI |>! | t>s 



V2 



V2 



M 2 (|)M 1 (T)| T>i I l>2 M 2 (T)M 1 (|)| |>x | T> 2 



V2 



V2 



(6) 



It may appear from cqn. (6) that it is the first measurement to be carried out that determines the 
split into the two worlds represented by two terms in (6). This is false. In fact, if the measurements are 
carried out at spacetime events which are spacelike separated, then there is no Lorentz invariant way of 
determining which measurement was carried out first. At spacelike separation, the measuring operators U\ 
and U 2 commute, and so we can equally well perform the measurement of the spins of the electrons in reverse 
order and obtain the same splits: 



WiW 2 Afi(...)M 2 (...) 



T>1 I l>2 -I I>1 I T>2 

V2 



«lM!(...) 



M 2 (|)| T>i I 4>2 M 2 (T)| |>i | T>s 



V2 V2 
_ MifflMad)! T>i I l>2 M^pM^)] j>i | t> 2 

the last line of which is the same as that of (6), (except for the order of states, which is irrelevant). 
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The effect of measurements in which both observers happen to choose to measure with respect to the 
left/right basis is 



U 2 U 1 M 2 {...)M 1 {...) 



>i 



»2 



»1 



">2 



U 2 M 2 {...) 



M 1 



V2 

->i | ^> 2 Mi(- 



»i 



>2 



V2 



V2 



M 2 (-»)Mi(HI <->i I ^>2 Af2(<-)Mi(-»)| 



">2 



V2 



V2 



(8) 



A comparison of (6)/(7) with (8) shows that if two spacelike-separated observers fortuitously happen to 
measure the spins of the two particles in the same direction — whatever this same direction happens to be 
- both observers will split into two distinct worlds, and in each world the observers will measure opposite 
spin projections for the electrons. But at each event of observation, both of the two possible outcomes of the 
measurement will be obtained. Locality is preserved, because indeed both outcomes are obtained in total 
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independence of the outcomes of the other measurement. The linearity of the operators IA\ and U 2 forces 
the perfect anti-correlation of the spins of the particles in each world. Since the singlet state is rotationally 
invariant, the same result would be obtained whatever direction the observers happened to choose to measure 
the spins. 

In the EPR experiment, there is actually a third measurement: the comparison of the two observations 
made by the spatially separated observers. In fact, the relative directions of the two spin measurements 
have no meaning without this third measurement. Once again, it is easily seen that initialization of this 
third measurement by the two previous measurements, plus linearity implies that this third measurement 
will confirm the split into two worlds. In the usual analysis, this third measurement is not considered a 
quantum measurement at all, because the first measurements are considered as transferring the data from 
the quantum to the classical regime. But in the MWI, there is no classical regime; the comparison of the 
data in two macroscopic devices is just a much a quantum interaction as the original setting up of the 
singlet state. Furthermore, this ignored third measurement is actually of crucial importance: it is performed 
after information about the orientation of the second device has been carried back to the first device (at a 
speed less than light!). The orientation is coded with correlations of the spins of both electrons, and these 
correlations (and the linearity of all operators) will force the third measurement to respect the original split. 
These correlations have not been lost, for no measurement reduces the wave function: the minus sign between 
the two worlds is present in all eqns. (1) — (8). 

To see explicitly how this third measurement works, represent the state of the comparison apparatus 
by M c [(...)i(...) 2 ], where the first entry measures the record of the apparatus measuring the first particle, 
and the second entry measures the record of the apparatus measuring the second particle. Thus, the third 
measurement acting on eigenstates of the spin-measurement devices transforms the comparison apparatus 
as follows: 

W c M c [(...)i(...)2]Mi(T) = M c [(T)i(...) 2 ]M 1 (T) 
HcM c [(...)i(...)2]MiU) = M c [(j) 1 (...) 2 ]M 1 (j) 

Z4M C [(...) 1 (...) 2 ]M 2 (T) = M c [(...)i(T) 2 ]M 2 (T) 

Z4M c [(...)i(...) 2 ]M 2 (|) = M c [(...)iQ) 2 ]M 2 Q) 

where for simplicity I have assumed the spins will be measured in the up or down direction. Then for the 
state (1), the totality of the three measurements together — the two measurements of the particle spins 
followed by the comparison measurement — is 



U C U 2 U 1 M C [(...) 1 (...) 2 ]M 2 (...)M 1 (...) 



T>i 1 4>2 -| 4>i I T>2 



V2 



= M c[(T)l a) 2 ] M2 ^ Ml ^ T>1 ' i>2 - M c[a)l(T )2] M2(T)Ml( ^ i>llT>2 

Heretofore I have assumed that the two observers have chosen to measure the spins in the same direction. 
For observers who make the decision of which direction to measure the spin in the instant before the 
measurement, most of the time the two directions will not be the same. The experiment could be carried out 
by throwing away all observations except those in which the chosen directions happened to agree within a 
predetermined tolerance. But this would waste most of the data. The Aspect-Clauser-Freedman Experiment 
[11] is designed to use more of the data by testing Bell's Inequality for the expectation value of the product 
of the spins of the two electrons with the spin of one electron being measured in direction ni, and the spin 
of the other in direction n 2 . If the spins are measured in units of h/2, the standard QM expectation value 
for the product is 

< *|(ni • <7i)(n 2 • cr 2 )|* >= -ni • n 2 (9) 
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where \^S> > is the singlet state (l)/(2). In particular, ni = &2 is the assumed set-up of the previous 
discussion. Since the MWI shows that local measurements in this case always gives +1 for one electron and 
-1 for the other, the product of the two is always -1 in all worlds, and thus the expectation value for the 
product is -1, in complete agreement with (9). 

To show how (9) comes about by local measurements splitting the universe into distinct worlds, I follow 
[12] and write the singlet state (l)/(2) with respect to some basis in the fii direction as 

|* >= (1/V2)(|n 1 ,t>i |ni, j> 2 -|fii,l>i |fii,T> 2 ) (10) 

Let another direction n 2 be the polar axis, with 9 the polar angle of fii relative to n 2 . Without loss of 
generality, we can choose the other coordinates so that the azimuthal angle of fii is zero. Standard rotation 
operators for spinor states then give [12] 

|ni,t> 2 = (cos6>/2)|n 2 ,T>2 + (sin0/2)|n 2 , |> 2 
|ni,|> 2 = - (sin0/2)|n 2 ,T> 2 + (cos0/2)|n 2 , |> 2 

which yields 

|* >= (l/\/2)[- (sin^/2)|n 1 ,T>i |ft 2 ,T>2 + (cos0/2)|fii,T>i |fi 2 ,l>2 

- (cos0/2)|fii4>i |n 2 ,T>2 - (sin^/2)|ni,|>i |n 2 ,|> 2 ] (11) 

In other words, if the two devices measure the spins in arbitrary directions, there will be a split into 
four worlds, one for each possible permutation of the electron spins. Just as in the case with fii = n.2, 
normalization of the devices on eigenstates plus linearity forces the devices to split into all of these four 
worlds, which are the only possible worlds, since each observer must measure the electron to have spin +1 
or —1. 

The squares of the coefficients in (11) are proportional to the number of worlds wherein each respective 
possibility occurs, these possibilities being determined by the chosen experimental arrangement. This is most 
easily seen using Deutsch's MWI derivation [13,16] of the Born Interpretation (BI). DeWitt and Graham [7] 
originally deduced the BI using the relative frequency theory of probability [14,15], and this derivation is 
open to the standard objections to the frequency theory [14,15]. Deutsch instead derives the BI using the 
Principle of Indifference of the classical/a priori theory of probability [14]. According to the Principle of 
Indifference, the probability of an event is the number of times the event occurs in a collection of equipossiblc 
cases divided by the total number of equipossible cases. Thus, the probability is 1/6 that a single die throw 
will result in a 5, because there are 6 equipossible sides that could appear, of which the 5 is exactly 1. 

Deutsch assumes the Principle of Indifference applies to any experimental arrangement in which the 
expansion of the wave function |<I> > in terms of the orthonormal basis vectors of the experiment (the 
interpretation basis) give equal coefficients for each term in the expansion. For example, both (1) and (2) are 
two such expansions, because in both cases the coefficients of each of the two terms is l/\/2- The Principle of 
Indifference thus says that each of the two possibilities is equally likely in either the experimental arrangement 
(1), or in the interpretation basis (2). Equivalently, there are an equal number of worlds corresponding to 
each term in either (1) or (2), since in the MWI "equally possible" means "equal number of worlds" (equal 
relative to a preset experimental arrangement). 

Deutsch shows [13,16] that if the squares of the coefficients in the interpretation basis of an experiment 
are rational, then a new experimental arrangement can be found in which the coefficients are equal in the 
new interpretation basis. Applying the Principle of Indifference to this new set of coefficients yields the BI 
for the coefficients in the original basis. Continuity in the Hilbert space of wave functions yields the BI 
for irrational coefficients (although it is a presupposition of the MWI that only coefficients with rational 
squares are allowed since irrational squares would imply an irrational number of worlds). In particular, the 
percentage of worlds with the value of a given basis vector is given by the square of the coefficient. 
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The expectation value (9) for the product of the spins is just the sum of each outcome, multiplied 
respectively by probabilities of each of the four possible outcomes: 

(+i)(+i)p TT + (+i)(-i)p n + (-i)(+i)nt + (-ix-i)ni (12) 

where is the relative number of worlds in which the first electron is measured spin up, and the second 
electron spin down, and similarly for the other P's. Inserting these relative numbers — the squares of the 
coefficients in (11) — into (12) gives the expectation value: 

= i sin 2 6>/2 - i cos 2 9/2 - ^ cos 2 9/2 + i sin 2 9/2 = - cos6» = -n x • n 2 (13) 

which is the quantum expectation value (9). 

Once again it is essential to keep in mind the third measurement that compares the results of the two 
measurements of the spins, and by bringing the correlations between the worlds back to the same location, 
defines the relative orientation of the previous two measurements, and in fact determines whether there 
is a twofold or a fourfold split. The way the measurement of (9) is actually carried out in the Aspect- 
Clauser-Freedman Experiment is to let 9 be random in any single run, and for the results of each fixed 9 
from a series of runs be placed in separate bins. This separation requires the third measurement, and this 
local comparison measurement retains the correlations between the spins. The effect of throwing away this 
correlation information would be equivalent to averaging over all 9 in the computation of the expectation 
value: the result is J* < ^\{ni ■ (T 1 )(n 2 ■ <r 2 )\ 1 i' > d9 — 0; i.e., the measured spin orientations of the two 
electrons are completely uncorrelated. This is what we would expect if each measurement of the electron 
spins is completely local, which in fact they are. There is no quantum nonlocality. 

Bell's results [10,15] lead one to think otherwise. But Bell made the tacit assumption that each electron's 
wave function is reduced by the measurement of its spin. Specifically, he assumed that the first electron's spin 
was determined by the measurement direction fii and the value some local hidden variable parameters Ai: 
the first electron's spin is given by a function A(&i, Ai). The second electron's spin is given by an analogous 
function B(fi2, A 2 ), and so the hidden variable expectation value for the product of the spins would not be 
(13) but instead 

J p(X 1 ,X 2 )A(n 1 , Xi)B(n 2 ,\ 2 ) d\ 1 d\ 2 (14) 

where /o(Ai,A 2 ) is the joint probability distribution for the hidden variables. By comparing a triple set of 
directions (fii, n 2 , £13), Bell derived the inequality |P(fii, n 2 ) — P(ni, 63)! < 1 + P(n 2 , 63), which for certain 
choices of the triple, is inconsistent with the quantum mechanical (9); i.e., fii = n 2 — 113/ |n 2 — 113 1 yields 
y/2 < 1 if we assume the MW result (9)/(13), which is the quantum part of Bell's Theorem. 

But (14) assumes that the spin of each particle is a function of fii and Ai; that is, it assumes the spin at 
a location is single-valued. This is explicitly denied by the MWI, as one can see by letting Ai be the spatial 
coordinates of the ith electron. Bell's analysis tacitly assumes that the macroscopic world is a single- valued 
world like classical mechanics. 

The automatic elimination of action at a distance by the MWI is a powerful argument for the validity 
of the MWI, for assuming that both single electrons and many-atom measuring devices are described by 
multivalued quantum states. 

I thank R. Chiao, D. Dcutsch, B. DcWitt, and D.N. Page for helpful discussions, and M. Millis for 
inviting me to speak at a NASA conference where questions of nonlocality were discussed. 
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